Abstract. The formation mechanism of Ge nanocrystals for Ge (60 mol%) embedded in a SiO 2 matrix grown on Si(001) and quartz-glass substrates was studied by fluorescence x-ray absorption fine structure (XAFS). It was found that the formation of Ge nanocrystals strongly depends on the properties of the substrate materials. In the as-prepared samples, Ge atoms exist in amorphous Ge and GeO 2 phases. At the annealing temperature of 1073 K, on the quartz-glass substrate, Ge nanocrystals are only formed predominantly from the amorphous Ge phase in the as-prepared sample. However, on the Si(100) substrate the Ge nanocrystals are generated partly from amorphous Ge, and partly from GeO 2 phases through the permutation reaction with Si substrate. Quantitative analysis revealed that about 10% of GeO 2 in asprepared sample permutated with Si in the wafer and formed Ge nanocrystals.
INTRODUCTION
Ge semiconducting nanocrystals embedded in a SiO 2 matrix have been attracting much attention since 1990's due to their unique luminescence properties as well as wide potential applications in optoelectronic and nonvolatile memory devices [1] [2] [3] . Ge nanocrystals embedded in a SiO 2 medium usually can be fabricated by using magnetron sputtering co-deposition methods [4] [5] [6] . However, the formation mechanism of the Ge nanocrystals is not yet clearly understood. By combining experimental observations and theoretical calculations, Maeda revealed that the precipitation and growth of Ge nanocrystals are related to a thermodynamical reduction of GeO 2 , the diffusion of Si atoms from the silicon substrate into the glassy matrix, and then the aggregation of Ge nanocrystals [4] . He also pointed out that the fabrication of Ge nanocrystals by direct decomposition of GeO 2 is thermodynamically impossible under conventional conditions (around 1 atm and 1000 K). However, some people believe that Ge nanocrystals are formed through the dissociation of the GeO 2 and suboxides in the initial sample [5, 6] .
To study the Ge nanocrystal formation mechanism with and without the involvement of Si atoms, we fabricated Ge nanocrystals embedded in a SiO 2 medium with a magnetron sputtering method by using two different types of substrates: Si(001) wafer and quartz glass. The local structural changes at the Ge sites in the samples before and after annealing were investigated by x-ray absorption fine structure (XAFS). Insight into the formation process of the Ge nanocrystals has been studied by measuring the effects of the two substrates (Si and SiO 2 ) on the formation mechanism of the Ge nanocrystals.
EXPERIMENTAL
Ge nanocrystals embedded in SiO 2 were prepared on either Si(001) or SiO 2 substrates by using magnetron sputtering and subsequent annealing as described in the literature [4] . Ge(60%)-SiO 2 /Si(001) and Ge(60%)-SiO 2 /quartz represent the samples with 60 mol% Ge in the SiO 2 matrix on the Si (001) and quartz substrates, respectively. The HRTEM images published elsewhere have shown that the Ge nanocrystals are 20 nm and 5 nm in size for the annealed Ge(60%)-SiO 2 /Si(001) and Ge(60%)-SiO 2 /quartz, respectively [7] . The Ge K-edge XAFS spectra were collected in the fluorescence yield mode at room temperature on beamline BL13B at the Photon factory (2.5 GeV with a maximum current of I max = 400 mA, Japan) and Beamline 1W1B at the Beijing Synchrotron Radiation Facility (2.2 GeV with I max = 100 mA, China). XAFS data analysis was performed with the UWXAFS 3.0 and NSRLXAFS 3.0 suites [8, 9] .
RESULTS
The Ge K-edge XANES spectra are displayed in Figure 1 for the as-deposited and the annealed Ge(60%)-SiO 2 /Si(001) and Ge(60%)-SiO 2 /quartz samples. The as-deposited Ge(60%)-SiO 2 /Si(001) and Ge(60%)-SiO 2 /quartz samples demonstrate quite similar XANES features. It suggests that, in the asdeposited samples, the Ge local coordination structures are not affected by the properties of the substrates. But, after the annealing treatment, the Ge absorption edge for Ge(60%)-SiO 2 /Si(001) is shifted to lower energy by 1.4 eV. In contrast, the Ge edge position for Ge(60%)-SiO 2 /quartz sample remains unchanged upon annealing. This shows that annealing can reduce the average covalence of Ge in the Ge(60%)-SiO 2 /Si(001), while it has no effect on the valence of Ge in the Ge(60%)-SiO 2 /quartz sample. Therefore, the Ge atoms in these two samples have different thermodynamical behaviors during the annealing treatment. To more clearly illustrate the local structure change for the two different substrates during the annealing treatment, the radial structure functions (RSFs) of the Ge sites were obtained by Fourier transformation of the k 3 -weighted EXAFS functions as shown in Figure 2 . The RSFs of the as-deposited Ge(60%)-SiO 2 /quartz and Ge(60%)-SiO 2 /Si(001) present a remarkable difference from that of crystalline Ge and GeO 2 . The coordination peaks at 1.4 and 2.1 Å correspond to the first shells of bulk GeO 2 (Ge-O) and Ge (Ge-Ge), respectively, but no peaks at 2.8 and 3.5 Å were observed for the higher coordination shells of GeO 2 and Ge, respectively. Therefore, in the as-deposited samples, part of the Ge atoms exist in the form of a pure Ge phase, and another part in the form of GeO 2 . This is consistent with the XPS results of Maeda et al. [4, 10] On the other hand, the as-deposited Ge(60%)-SiO 2 /quartz and Ge(60%)-SiO 2 /Si(001) samples also exhibit amorphous character as revealed by the XRD results of Frenkel et al. [11] and our previous Raman spectra [7] . All these results lead us to conclude that the Ge atoms in the as-deposited samples exist in the form of amorphous Ge and amorphous GeO 2 . Interestingly, after the annealing treatment at 1073 K, the Ge-O coordination peaks of Ge(60%)-SiO 2 /Si(001) and Ge(60%)-SiO 2 /quartz changed differently. The RSF intensity of Ge-O coordination shell decreased by 30% for Ge(60%)-SiO 2 /Si(001), while that of Ge(60%)-SiO 2 /quartz increased by about 30%. Additionally, at long distances the two annealed samples display similar Ge-Ge coordination peaks as bulk Ge. From the structural parameters in Table 1 obtained from curve-fitting, the first shell Ge-O coordination number of the GeO 2 species in Ge(60%)-SiO 2 /Si(001) decreases from 1.5 to 1.0 after annealing, and at the same time the Ge-Ge coordination number increases from 2.5 to 3.2. But for the Ge(60%)-SiO 2 /quartz sample, the coordination numbers of Ge-O and Ge-Ge shells did not change significantly. Based upon these coordination numbers and Lu's EXAFS analysis approach of the mixed phase [12] , we estimated the concentration of Ge and GeO 2 species in the samples (see Table 1 ). It can be found that the concentration of the GeO 2 species in the annealed Ge(60%)-SiO 2 /quartz did not change basically, but that of the Ge(60%)-SiO 2 /Si(001) decreased by 10%. This indicates that in Ge(60%)-SiO 2 /Si(001), part of the GeO 2 was converted into Ge nanocrystals while no GeO 2 in the Ge(60%)-SiO 2 /quartz participates in the formation of nanocrystalline Ge.
DISCUSSION
There are two feasible paths for the conversion of GeO 2 into Ge nanocrystals in our samples: one is the decomposition of GeO 2 , which was thermodynamically unfavorable under our annealing conditions as pointed out by Maeda [4] ; another is the silicon-involved reduction, i.e., GeO 2 +Si → Ge+SiO 2 . On the quartz substrate no isolated Si atoms exist, so the reduction reaction does not occur. Additionally, the concentrations of GeO 2 and Ge phases are not affected by the annealing treatment in the Ge(60%)-SiO 2 /quartz sample. All these results illustrate that the GeO 2 embedded in SiO 2 can not decompose by itself to form Ge nanocrystals, the Ge nanocrystals can only originate from the amorphous Ge in the as-deposited Ge(60%)-SiO 2 /quartz. But, on the Si substrate, GeO 2 might be another important source for the growth of Ge nanocrystals. The electron microscopy analysis made by Maeda has revealed that, the Si atoms can diffuse from the Si(001) substrate into SiO 2 layer [4] . The elemental Ge is thermodynamically very stable in a SiO 2 matrix, and this displacement reaction (GeO 2 +Si → Ge+SiO 2 ) can proceed spontaneously at the interface between GeO 2 and Si under the annealing temperature. Hence, for the Ge(60%)-SiO 2 /Si(001) sample, part of the Ge nanocrystals are generated from GeO 2 through the permutation reaction with the silicon atoms diffusing from the Si(001) substrate.
The previous electron microscopy analysis [7] revealed that the Ge nanocrystals formed on quartz substrates have a uniform size of about 5 nm, while that on Si(001) wafers have a mean size of 20 nm with a wide distribution. On the quartz substrate, Ge nanocrystals are directly converted from an amorphous Ge phase. However, on the silicon wafer, in addition to Ge nanocrystals from the amorphous Ge phase, part of GeO 2 species are reduced into atomic Ge through the reaction with Si atoms (GeO 2 +Si → Ge+SiO 2 ), and these Ge atoms can aggregate with the Ge nanocrystals formed from the amorphous Ge and produce larger sized Ge nanocrystals. As a consequence, Ge nanocrystals produced on silicon wafers have a larger average size and a wide distribution. It means that under the same annealing conditions, on quartz substrates we can produce uniformly sized Ge nanocrystals with prominent quantum size effects [13] . Maeda observed that the photoluminescence in the visible range showed a strong correlation to the change in size [4] . Hence, a blue-shift of photoluminescence is expected when switching the substrate from a Si to quartz.
CONCLUSIONS
Ge nanocrystals embedded in a SiO 2 matrix can be fabricated on either Si or quartz substrates by magnetron sputtering and subsequent annealing. Ge nanocrystals in Ge(60%)-SiO 2 /quartz are generated from amorphous Ge in the as-deposited sample, but not from the direct decomposition of GeO 2 . As for Ge nanocrystal particles in Ge(60%)-SiO 2 /Si(001), in addition to originating from the amorphous Ge, some of them are generated by the permutation reaction between the GeO 2 and the silicon atoms diffused from the Si(001) substrate. Additionally, the Ge nanocrystals originating from the GeO 2 through permutation with Si are expected to have larger sizes as compared to those from the amorphous Ge using an annealing temperature of 1073 K. So by switching the substrate from Si to quartz, we can achieve smaller sized and uniform Ge nanocrystals, which lead to a blue-shift in the photoluminescence band.
